Unmanned Aerial System (UAS) technologies are rapidly developing, lowering cost, and technology barriers for their use in numerous applications. This review and commentary summarizes relevant literature in allied fields and evaluates potential application and utility of UAS technology in the discipline of occupational hygiene. Disciplines closely related to occupational hygiene are moving to investigate potential uses-and in some cases-already employing this technology for research or commercial purposes. The literature was reviewed to formulate a cross-sectional picture of how UAS technology is being used in these closely allied disciplines which could inform or guide potential use in occupational hygiene. Discussed are UAS applications in environmental monitoring, emergency response, epidemiology, safety, and process optimization. A rapidly developing state of the art indicates that there is potential utility for this technology in occupational hygiene. Benefits may include cost savings, time savings, and averting hazardous environments via remote sensing. The occupational hygiene community can look to allied fields to garner lessons and possible applications to their own practice.
occupational hygienists, researchers, and safety professionals may frequently interface. Therefore it is important that occupational hygienists have a concise introduction to this technology, and how it can benefit their own discipline and practice.
Simply defined, UAS are perhaps more than a layperson imagines when thinking of either the recreational remote controlled airplane, at the 'low end' of the technological spectrum, or a militarized Predator drone at the 'high end' . This paper focuses on commercial and scientific applications of smaller, yet still sophisticated devices, which are generally single to double digit kilograms in airframe weight (International consensus does not exist on UAS categorization. One example, among many, is in the United States Department of Defense's Unmanned Systems Integrated Roadmap, FY2013 -2038, which categorizes systems based upon airframe weight, maximum velocity, and maximum altitude of operation.) US Department of Defense, 2013 . Typically, modern small UAS are comprised of an airframe, power source, mission-specific sensors, electronics, and software. Often, the devices also possess communications and navigation capabilities such as 3G or 4G mobile phone chips, WiFi or other wireless networking protocols, global positioning chips, and ability to interface with commercial smartphones or tablets. Just as smart phones have become very powerful tools, the same computational capability is available for employment in small UAS.
Occupational hygienists should be aware of this technology for two reasons. First, this technology may be an added tool in our toolkits for rapid exposure assessment, screening, environmental data collection, or situational awareness in new or novel ways. Because it is highly mobile in a three-dimensional environment and can possess sophisticated sensors, there are potential applications across the entire range of 'anticipate-recognize-evaluate-control' activities that hygienists perform. Second, some industrial tasks which involve occupational hazards may be well-suited to UAS employment because worker hazards can be averted or minimized. One example (of many) is using UAS with high-resolution imagery to conduct inspections of boilers, stacks, and towers (Cavote, 2014) . By performing the task remotely with a UAS it may be accomplished more quickly than with traditional approaches and with less hazard to the inspector(s). Therefore UAS adoption may positively impact personnel that you work to protect. This paper reviews UAS use occurring in fields and disciplines closely allied with occupational hygiene with an eye toward applicable lessons. Ideas on specific occupational hygiene applications will be presented. Throughout, several research needs will be highlighted that could directly benefit UAS adoption as an effective tool in occupational hygiene practice and research.
UA S US E IN A LLIED DISCIPLINE S A ND
R EL ATED FIELDS Increasing UAS sophistication and capability and decreasing costs have lowered barriers to UAS use in numerous applications. There are too many applications to discuss in a comprehensive manner in this paper. With that said, those applications and uses closely related to occupational hygiene are summarized. The authors surveyed the literature, related trade organizations, and developing commercial activities. Several communities are actively pursuing adoption of UAS technology and deserve specific mention because of their impacts on workers or possible interfaces with occupational hygienists. These are summarized in Table 1 .
Environmental sensing with a mobile platform is of particular importance and may be best suited for occupational hygiene tasks or scenarios that share one or more characteristics suited to airborne monitoring. UAS devices can cover relatively large areas or large infrastructure more quickly than people, can be present in hazardous environments, can monitor with unique spatial and temporal resolutions, and can provide a rapid screening capability for parameters of interest. Researchers are investigating aspects of UAS use in multiple environmental applications. UAS applications in environmental monitoring are not a recent development and two reviews on the broader applications and historical developments in this domain serve as a good starting point in understanding past efforts and research directions (Borges de Sousa and Andrade Goncalves, 2011) and (Dunbabin and Marques, 2012) . UAS may be efficient platforms for physical sampling and enable a better understanding of spatial and temporal changes in exposure profiles than existing methods. Application areas with potential significance for occupational hygiene needs are summarized in Table 2 and discussed in subsequent paragraphs. Selected areas for additional occupational hygiene research are summarized in Table 3 .
M ONITOR IN G CHE M IC A L S
UAS employment holds potential as a flexible, mobile platform for contaminant sampling, detection, characterization, and/or remote sensing. Several applications have been pursued by researchers that can directly inform methods for employment and limitations in an occupational hygiene and exposure assessment role.
An aerostat balloon has been used to sample emissions from burning and detonation of military munitions in order to derive source terms for modeling (Aurell et al., 2015) . In this study, particulate matter, metals, polycyclic aromatic hydrocarbons, and volatile organic chemicals were monitored. Use of balloon platforms may be less costly than traditional UAS and this approach could be useful when measuring contaminant emissions which could impact workers or other populations at risk requiring long loiter times and a stable sampling platform.
UAS have been used by several researchers attempting to characterize volcanic plumes. Notably, the technical methods employed in these studies are quite transferable to occupational hygiene for monitoring hazardous atmospheres. One study investigated SO 2 and CO 2 flux using mobile infrared spectrometers and electrochemical sensors (McGonigle et al., 2008) . Another study investigated biases which may be introduced by UAS travel velocity coupled with sensor response time (Roberts et al., 2014) . For example, if a UAS platform is logging time-stamped, georeferenced data, yet a given sensor possesses a t 90 (time to 90% response) of several seconds, a bias will exist between global positioning system coordinates and lagging sensor response. This is an important complication to consider if these devices are to have utility to occupational hygiene and deserves additional research and methods for correction. A third study utilized miniaturized mass spectrometers with sensors to monitor SO 2 , H 2 S, Authors used commercially available infrared imagers CO 2 , pressure, temperature, and relative humidity in an active volcano in Costa Rica (Diaz et al., 2015) . It is interesting to note that the more capable sensors used in this study are not only applicable to human chemical exposure monitoring but also to monitoring heat, cold, or hypobaric stressors. An active area of research is utilizing UAS with chemical sensors and software algorithms to follow or map contaminant concentration gradients and locate or characterize contaminant sources autonomously. Researchers have developed a small balloon-borne UAS platform with the purpose of chemically sensing explosive mines using various mapping strategies (Badia et al., 2007) . This study utilized a metal oxide chemical sensor and compared autonomous and controlled flight detection pathways with ethanol as a surrogate contaminant. Another study investigated the feasibility of autonomous UAS-borne sensors to monitor carbon capture and storage facilities, specifically CO 2 leakage (Neumann et al., 2013a) . They evaluated two sampling strategies: the first based upon a predefined UAS pathway and the second using what is known as an 'adaptive sampling' pathway. This term is becoming more widely used in the literature to describe autonomous monitoring that is modified as the sampling proceeds based upon artificial intelligence algorithms. In essence, the device changes where it goes based upon what it detects. This may be an area of innovation in the continued modernization of environmental monitoring and exposure assessment. The same research team also published specifics on the algorithm developed for implementing adaptive sampling (Neumann et al., 2013b) .
M ONITOR IN G A EROSOL S
In addition to chemicals, UAS are also being investigated as aerosol sampling platforms. Some work has been done to characterize aerosol collection at various UAS airframe locations in forward flight via modeling (Bernard and Krispin, 2010) . However, more work is required in particular on evaluating air flow around contemporary quadcopter and hexcopter type airframes which may bias particle samplers if isokinetic sampling or size-fractioning is of interest. Computational fluid dynamics, laboratory, and field testing are all required to determine correct aerosol sampling in a dynamic environment where proximate air flow is impacted by its own propulsion systems. Characterizing biological aerosols is also being investigated with UAS. Pathogen collection (Gonzalez et al., 2011) and autonomous aerobiological sampling (Schmale III, 2008) are two examples in related fields of study. UAS have also been used as a platform for aerosol direct reading instruments (Craft et al., 2014) . In this study, vertical and horizontal concentrations of black carbon and other particles were measured during experimental prescribed burns of grasslands. Similar to the study by Aurell et al. (2015) , the goal was to better characterize source emission terms for use in modeling. The field of atmospheric science is very engaged in UAS applications for aerosol sampling from which occupational hygienists may derive lessons. Researchers have utilized UAS as a platform to measure atmospheric aerosols in Norway (Bates et al., 2013) . Particle number and aerosol light absorption were measured while a filter sample was collected. More recently, horizontal and vertical distributions of ultrafine particles were measured with a larger UAS (25 kg payload) using condensation particle counter and optical particle counter methods (Altstädter et al., 2015) . The techniques and technology lessons from these efforts may help inform hygienists seeking to develop new approaches to particle sampling in occupational environments.
M ONITOR IN G R A DI ATION
Manned aerial monitoring of radiation is a reasonably mature, developed application which is already in practice. Lowering the barriers of cost and convenience are the primary advantages to be gained in this domain using UAS. Still this is an area of active research and development. A design was proposed for Process optimization Multiple areas Before/after exposures and outcomes to workers when tasks are implemented using UAS which avert or minimize exposures; may be used for building business case(s) for UAS employment a UAS-borne unit that could track radioactive plumes (Kurvinen et al., 2005) . Three miniaturized detectors were utilized including a Geiger-Müller (GM) tube, sodium-iodide (NaI) scintillation detector, and a cadmium zinc telluride detector. Additionally, a sampling filter was used for particle collection and later analysis. Separately, a particle sampler was designed for sampling radioactive particles on UAS in forward flight (Perajarvi et al., 2008) . Notably, researchers employed computational fluid dynamics and validation testing which is generalizable to general aerosol sampling in forward flight. However, the airframe utilized was a fixed wing, prop-driven and findings are not applicable to the highly variable flight profiles characteristic of modern quad and hexcopters. This work spurred additional field testing of the sampler in conjunction with radiation detection and mapping methods from UAS platforms ( Pollanen et al., 2009a,b) . These efforts are particularly useful in framing determinants of minimum detectable activities which will be a potential limitation of UAS-borne radiation monitoring due to payload limits. More recently, UAS-borne detectors were used to map radiation levels within 5 km of the Fukushima Dai-ichi Nuclear Power Plant (Sanada and Torii, 2015) . In this study, the UAS followed a pre-programmed, autonomous flight path. This is an example of employing UAS in a manner that provides data in a finer spatial resolution than is possible from manned flight path profiles. Additionally the authors highlight the potential of their method for repeat surveys to monitor radiation migration over time. Radiation monitoring is a domain where UAS employment may provide feasible, practical, cost-effective applications.
E M ERGEN C Y R E S PONS E, EPIDE M IOLO G Y, S A FET Y Emergency response activities (including disasters
and humanitarian responses) are another domain within which UAS adoption is occurring rapidly. Many hygienists may be employed as members of response teams or support such entities through expert consultation. Robotic use in emergency response is not new. For example, for years, commercial ground robots have been utilized by government and municipal law enforcement entities for explosive ordnance reconnaissance. A prescient 1993 article proposed an UAS for detection of chemical and radiological contaminants, equipped with optical day-night sensors for the purpose of emergency and disaster response (Zafrir et al., 1993) . All previously mentioned UAS capabilities may apply to emergency response employment, to include chemical, biological, or radiological detection or gas, vapor, aerosol collection devices for screening potential hazardous environments. Small aerial platforms may be equipped with visible and infrared video feeds to help identify ruptured chemical containers or leaking infrastructure (pipe, tanks) or for use in search and rescue. A recent publication comprehensively reviewed the impact of robotics-to include UASs-in 31 disasters and accidents from 2001 to 2013 (Murphy, 2014) . As the practice of occupational hygiene evolves into the future, more of our practitioners are interdisciplinary and engaged in safety, environmental management and other related disciplines. The domain of emergency response is anticipated to be one which occupational hygiene will continue to make contributions.
Remote sensing has also been used in epidemiology and infectious disease research. This domain appears complementary to UAS use for environmental data collection. A recent review and critical discussion of UAS potential in epidemiology highlights some strengths and weaknesses of this approach (Fornace et al., 2014) . Environmental factors and other spatial variables amenable to UAS detection, which are also determinants of infectious disease transmission, are important data sources for risk mapping and analysis. Examples include land use changes, tracking animal reservoirs, and hydrological monitoring (such as mosquito reservoirs), among many others. Using remotely sensed data to study infectious disease patterns is not new. Malaria is an example where georeferenced satellite data can provide information to help predict or explain transmission (Machault et al., 2011) . Another example is the use of UAS platforms to study spatial determinants of tuberculosis in Spain (Barasona et al. 2014) . Although not as directly applicable to occupational hygiene practice as other uses highlighted in this paper, it is important to note that UAS technologies are anticipated to increase the creation of sophisticated georeferenced variables which may assist future environmental healthcare professionals in new or unforeseen ways.
UAS are also being evaluated for occupational safety applications. One example is utilizing UAS for increasing awareness of developing hazardous conditions or worker compliance with safety requirements. A study investigated what type of interface and information would be beneficial to monitoring simulated construction tasks with a visual feed from a mobile UAS platform (Gheisari et al., 2014) . In effect, a device was hypothesized to serve as a 'safety manager's assistant drone' to expedite frequent, quick workplace inspections. The study evaluated the efficacy of remotely inspecting personal protective equipment compliance during simulated tasks with a UAS. The authors observed potential utility in the devices as essentially 'extenders' to facilitate improved construction safety practices.
PRO CE SS OP TI M I Z ATION
Industrial UAS adoption may avert exposures or hazardous situations by optimizing tasks or industrial processes. Mentioned earlier in this paper was the application of industrial inspection of boilers, stacks, and towers. But other benefits may come from UAS use in optimizing processes. One example is precision agriculture (McBratney, 2005) . Precision agriculture is not a new concept, but UAS adoption will lower cost and convenience barriers to adoption when compared to crop sensing through manned flight or satellite imagery (Zhang and Kovacs, 2012) . Precision agriculture attempts to optimize crop management with the use of remote sensing, in particular hyperspectral imaging. In doing so, a significant reduction in nutrient and pesticide applications may result, with an attendant decrease in contaminant runoff and exposures to field labor. It will be interesting to observe whether wider adoption of precision agriculture practices over time may result in averted or lowered pesticide exposures to agricultural workers. These same principles may apply to yet unforeseen applications of UAS technology.
OTHER POSS IBLE A PPLIC ATIONS
Other occupational hygiene-specific applications may be considered for UAS employment. These are merely ideas, and the reader may identify other applications. Airborne platforms can be efficient tools to map stressors over space and time. Several stressors that can be monitored by UAS-borne sensors include heat, cold, hyper/hypobaric conditions. Noise and radiofrequency radiation are others. For example, mapping noise contours around hazardous noise-producing operations or processes is one potential application. Large noise sources, or noise-producing operations over a geographic area, may be difficult to characterize. The mobile UAS platform may be ideal for collecting georeferenced data multiple times over larger distances. This can help speed determination of offsite environmental noise consequences and add highresolution data to compatibility use models. A specific instance is monitoring the noise impact of increasing flights at a given airport with population encroachment. Another may be determining boundaries of near and far field noise in mining operations with unique industrial spaces, such as rock environs with blasting operations. It will be interesting to observe where useful applications of UAS employment continue to evolve.
Another potential application is employing UAS in hazardous environments such as large confined spaces or where a hazard condition makes human access undesirable. This can be generalized to any process or task requiring visual inspection with serious hazards present. Manufacturers are developing intrinsically safe UAS platforms for use in these types of tasks. Aerial platforms can be equipped with the four gas sensors typically used in confined spaces. They can also carry more sophisticated electro-optical sensors such as infrared or hyperspectral imagers that can provide additional industrial process information beyond the visual spectrum.
R EGUL ATIONS M ATTER
Applications employing UAS will be limited by applicable laws. This journal possesses an international focus, and a summary of country-by-country laws (or those proposed) regarding UAS employment is beyond the scope of this paper. If included, it would likely be outdated by the time the paper is published. With that said, the regulatory tenets many nations are considering have several key themes. Limitations are being considered on UAS vehicle mass and maximum velocity (or maximum kinetic energy), altitude, weather, visibility, and timing of operation (day/ night). There may be requirements on visual line of sight operations only or requirements limiting one operator to a single UAS. Limitations are also being considered on permissible levels of UAS autonomy, if allowed at all. Training and certification of an UAS operator is a common theme being seen in proposed regulations. Airframe registration and requirements on airworthiness (construction and suitability for flight) are also being deliberated. Lastly, there may be limitations or preflight approvals required due to privacy concerns. Along with the technology, the regulatory environment is changing. How UAS are allowed to be employed is under great scrutiny and will clearly shape future commercial and scientific applications.
CON CLUS ION
UASs are developing rapidly. As occupational hygiene continues to evolve to a future state, in order to stay relevant, new technologies should be evaluated and considered as part of that evolution. This paper reviewed UAS applications in the literature of closely allied disciplines to occupational hygiene. The intent was to provide a cross-sectional picture that can inform our consideration and adoption of a new technology that may (likely?) impact the practice of occupational hygiene. Examples were provided of UAS employment in environmental monitoring, emergency response, epidemiology, safety, and industrial process optimization. Potential applications within occupational hygiene were discussed and the evolving regulatory landscape was briefly described. It will certainly be interesting to see how this technology impacts the anticipation, recognition, evaluation, and control of occupational health hazards.
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